The volume fraction of metallic and semiconducting carbon single-wall nanotubes ͑SWNTs͒ has been estimated for purified laser vaporization SWNTs, from an effective medium approximation and the measured spectral responsivity of a LiTaO 3 pyroelectric detector covered with SWNT "bucky" paper. The detector spectral responsivity from 600 to 2000 nm is proportional to the expected absorption coefficient of the SWNTs, and variations near 700, 950, and 1750 nm correlate with characteristic interband transitions and proportions of SWNTs consistent with 20% metal and 80% semiconductor materials. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2193797͔
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Despite the visibly black appearance of bulk SWNTs, their dielectric properties yield variations in absorption coefficient. This is due to features such as chirality, diameter, purity, and bulk topology. 8 By measuring the detector responsivity, we take advantage of a relatively large specular absorptance at normal incidence, which is easily modeled from simplified Fresnel equations for normal incidence. This is an advantage over that of determining optical properties by measuring a small diffuse reflectance or transmittance of SWNTs in solution. Arguably, evaluation of SWNTs is less repeatable over time if the SWNTs fall out of suspension. 9 SWNTs on a fixed platform such as a pyroelectric detector are repeatable over time and are compatible with other important measurement techniques such as Raman spectroscopy.
The SWNTs were synthesized by a laser vaporization method similar to that reported previously. 10 Here, however, an Alexandrite laser operating at a wavelength of 755 nm was employed to vaporize a graphite target doped with cobalt and nickel ͑each at 0.6% relative atomic mass͒. The crude soot was produced at 1175°C with 500 torr argon flowing at 100 cm 3 / min. The average laser power density was 55 W / cm 2 with an elliptical spot size, approximately 1.84ϫ 0.8 mm 2 . The SWNTs were purified by oxidation of the soot in flowing CO 2 at 800°C for 1 h, followed by a reflux in 3 M HNO 3 for 16 h. The solution was then filtered, washed, and dried at 50°C for 30 min. During this drying process the SWNTs separated from the filter, producing a free standing "bucky" paper. The paper was further oxidized in air at 550°C for 30 min as described previously. 6 The material purity was greater than 97% by weight as determined by thermogravimetric analysis. 11 Additionally, Raman spectroscopy with laser excitation ͑E laser ͒ at 2.54 eV was employed to analyze the disorder induced D band at ϳ1350 cm −1 . The full width at half maximum ͑FWHM͒ of the D band was ϳ18.7 cm −1 , and the D / G ratio was 0.0075. The frequencies of the radial breathing modes indicated that the resonant diameter distribution was in the range of 1.3-1.5 nm. Therefore, the FWHM of the D band for the purified sample is consistent with material that is virtually free of non-nanotube carbon impurities. 12 Raman spectra taken with E laser = 1.96 eV indicated a broader resonant diameter range of approximately 1.2-1.7 nm. The spectra acquired with these two separate excitation energies indicated the presence of both semiconducting and metallic tubes.
The pyroelectric detector to which the SWNTs were applied was prepared from a z-cut LiTaO 3 plate 12 mm in diameter and 60 m thick. The electrode centered on the back side of the LiTaO 3 plate was 10 mm in diameter and consisted of 50 nm of gold on top of 25 nm of chromium. The front electrode, to which the SWNTs were applied, was 25 nm of chromium. The back electrode was connected to the signal input of a current amplifier with 10 −10 A / V gain, and the front electrode was connected to ground. The optical input to the detector was modulated at 15 Hz and measured with a lock-in detection scheme. 13 A sample of bucky paper, approximately 5 ϫ 5 mm 2 , was placed on the front with a drop of chloroform to facilitate adhesion. The paper then remained attached to the detector after the chloroform evaporated.
The measurement system for the spectral responsivity consists of a lamp source, a grating monochromator, and a NIST transfer-standard detector as shown in Fig. 1 . 3 The method of direct substitution provides absolute spectral responsivity relative to the NIST standard at 10 nm wavelength increments from 600 to 2000 nm with a relative expanded uncertainty of 1.24%. For this work, the beam exiting the monochromator was focused on the bucky paper to a beam size of approximately 2 ϫ 2 mm 2 , normal to the plane of the detector surface, with a bandwidth of 6 nm.
The current generated by a pyroelectric detector is proportional to the volume average of the change in temperature as a function of time. Its spectral responsivity depends only on conversion of optical energy to thermal energy by the coating. Thus, the spectral responsivity of a pyroelectric detector coated with purified nanotubes can reveal optical properties of the coating from the ultraviolet to far into the infrared spectrum. The spectral responsivity measurement results shown in Fig. 2 for the SWNT coated detector are distinguished by variations in relative responsivity for the wavelength range between 600 and 2000 nm. Specifically, three broad dips are observed at approximately 1.789, 1.240, and 0.690 eV, corresponding to characteristic M E 11 , S E 22 , and S E 11 interband transitions, respectively. 7 An EMA has been employed in the past to calculate a dielectric function of bulk SWNTs containing a mixture of metallic and semiconducting SWNTs. 4 In our previous work, we neglected interband transitions and, rather than fitting our data to the model merely proposed that an EMA might be sufficient to quantify the proportion of metallic and semiconducting nanotubes. The present analysis goes further by fitting our measurement results and estimating the proportions of metallic and semiconducting SWNTs. We restate the EMA equation from Ugawa et al.,
where the fill factor f is the dominant fit parameter for the volume fraction of semiconducting to metallic SWNTs. The value of the depolarization factor g has not been addressed in detail for SWNTs. Indeed, calculation of the EMA ͓Eq. ͑1͔͒ neglecting the depolarization factor appears to be insignificant for values of g between 0.01 and 0.1. The solution of Eq. ͑1͒ for the effective dielectric function ͑͒ is a quadratic form, but reduces to a weighted average based on the value of f if g is neglected. For our application, f is the sole fit parameter with which we estimate the volume fraction of tube type. Ugawa et al. 4 and separately Chen 5 base Eq. ͑1͒ on two dielectric functions: a Drude model for metallic SWNTs,
and a Lorentzian model for semiconducting SWNTs,
where ϱ is the electronic core contribution, p is the plasma frequency of charge carriers, n is the center frequency, is the photon frequency, and ␥, ⍀ n , and ⌫ n are the relative relaxation rates of the charge carriers of the metal and semiconductor interband transitions, M E 11 ͑n =1͒, S E 11 ͑n =2͒, and S E 22 ͑n =3͒, respectively. The following parameters were used for the combined models 5 which were determined iteratively by means of the Kramers-Kronig relations, and are given with the caution that the fit is more likely to fall within our measurement uncertainty for the interband between 0.6 and 2 eV. The physical significance of these parameters is discussed in greater detail by both Ugawa et al. 4 and Chen.
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The absorption coefficient ␣͑͒ of the detector coating was calculated from the Fresnel equations for light incident on the detector at normal incidence, with the index determined from the real and imaginary roots of ͑͒. The solution for f = 0.2 is plotted on the basis of optical wavelength for comparison with the measured data in Fig. 2 . The experiment and model agree to within the measurement uncertainty of the experimental data over the range of 600-2000 nm except for data points at 1550 and 1600 nm. Further analysis of ␣͑͒ where the responsivity is changing dramatically in this region reveals that a change in responsivity as small as 4% is manifested by a change in ratio of metallic:semiconducting SWNTs of approximately 10%. Hence, a routine spectral responsivity calibration of a SWNT-coated pyroelectric detector is adequate to estimate the ratio of metallic-:semiconducting composition at the 10% level.
The variation in shape of the responsivity is most relevant to reconciling the EMA with the optical properties of the SWNT coating. However, the magnitude of the respon- sivity can depend on the thickness of the coating, the thermal contact between the coating and the detector electrodes, or the topology of the SWNTs in the paper form. Compared to an identical detector having a coating with greater than 99% absorption efficiency, the absorption coefficient for the bucky paper studied here is 67% at 600 nm. Further investigation is required to understand the significance of thickness, topology, and thermal contact in relation to the responsivity.
The ease of measurement and analysis, if considered along with economic factors, suggest our technique may be considered a rapid and inexpensive compliment to other important tools for SWNT metrology. Presently the EMA approach is among the only means of estimating the volume fraction of metallic and semiconducting SWNTs. For example, Raman spectroscopy will confirm the presence of both metallic and semiconducting SWNTs; however, quantitative characterization is extremely difficult. The work of Landi et al. 8 convincingly shows the influence of impurities on spectral absorption. So far we believe our approach is valid for measurements near the M E 11 , S E 11 , and S E 11 interband transitions for pure SWNTs. In Fig. 3 we show example calculations for volume fractions other than what we have measured. The results depict the expected variation of the detector responsivity for a bulk composition ranging from 20% metal content ͑f = 0.2͒ to 80% ͑f = 0.8͒. This will be validated as chirality specific production processes are developed and enriched samples become available for us to evaluate.
Our measurements of purified SWNTs produced by laser vaporization and applied to a pyroelectric detector have sufficient length and lack of defects to exhibit a spectral character in the wavelength range of 600-2000 nm to reveal interband transitions that are characteristic of either metallic or semiconducting SWNTs. The sample we have evaluated by means of spectral responsivity and EMA indicates that such SWNTs produced by laser ͑755 nm͒ vaporization at 55 W/cm 2 have a proportion of SWNT material content that is 20% metallic and 80% semiconducting. Furthermore, we have presented a model to estimate the relative concentration of metallic to semiconducting SWNTs applicable for highly pure samples.
